Anaerobic ammonium-oxidizing (anammox) bacteria oxidize ammonium with nitrite as the terminal electron acceptor to form dinitrogen gas in the absence of oxygen. Anammox bacteria have a compartmentalized cell plan with a central membrane-bound "prokaryotic organelle" called the anammoxosome. The anammoxosome occupies most of the cell volume, has a curved membrane, and contains conspicuous tubule-like structures of unknown identity and function. It was suggested previously that the catalytic reactions of the anammox pathway occur in the anammoxosome, and that proton motive force was established across its membrane. Here, we used antibodies raised against five key enzymes of the anammox catabolism to determine their cellular location. The antibodies were raised against purified native hydroxylamine oxidoreductase-like protein kustc0458 with its redox partner kustc0457, hydrazine dehydrogenase (HDH; kustc0694), hydroxylamine oxidase (HOX; kustc1061), nitrite oxidoreductase (NXR; kustd1700/03/04), and hydrazine synthase (HZS; kuste2859-61) of the anammox bacterium Kuenenia stuttgartiensis. We determined that all five protein complexes were exclusively located inside the anammoxosome matrix. Four of the protein complexes did not appear to form higher-order protein organizations. However, the present data indicated for the first time that NXR is part of the tubule-like structures, which may stretch the whole length of the anammoxosome. These findings support the anammoxosome as the locus of catabolic reactions of the anammox pathway.
A naerobic ammonium-oxidizing (anammox) bacteria oxidize ammonium to dinitrogen gas in the absence of oxygen, with nitrite as the electron acceptor and nitric oxide and hydrazine as intermediates (1) . They do so through a unique set of subsequent reactions (equations 1 to 3) ( Fig. 1) :
where e stands for electron and E 0 = stands for the midpoint potential of the reactions at pH 7.
In the first step, nitrite is reduced to nitric oxide (NO), which is catalyzed by a nitrite reductase (equation 1). The genome of Kuenenia stuttgartiensis, the anammox bacterium used in this study, encodes a cd 1 nitrite:nitric oxide oxidoreductase (NirS, kuste4136), which was postulated to catalyze this reaction (2) . NO and ammonium then are combined into hydrazine (N 2 H 4 ) by the anammox-specific hydrazine synthase (HZS; kuste2859-61) (equation 2). This reaction is followed by the oxidation of hydra-zine to N 2 (equation 3), which is catalyzed by hydrazine dehydrogenase (HDH; kustc0694), an enzyme that is related to hydroxylamine oxidoreductase (HAO) of aerobic ammonium-oxidizing bacteria (1) . The electrons released from this reaction (equation 3) ultimately are used to drive the first two reductive steps (equations 1 and 2).
HZS and HDH previously have been purified, and hydrazine synthesis and oxidation activities were shown in vitro (3) . Apart from HDH, K. stuttgartiensis encodes nine additional HAO paralogs (2, 4) . One of these, hydroxylamine oxidase (HOX; kustc1061), was purified and characterized in detail (5) . This enzyme detoxified hydroxylamine to NO, the substrate of HZS (equation 4). Furthermore, another HAO-like protein encoded by kustc0458 has been purified from K. stuttgartiensis together with its redox partner, kustc0457, a c-type diheme-containing protein, but their function remains unknown (6) .
Ϫ ϩ 2H ϩ ϩ 2e ͑E0 Ј ϭ ϩ0.42 V͒ (5) Anammox bacteria are autotrophic microorganisms, and their growth is associated with the formation of nitrate. The oxidation of nitrite to nitrate (equation 5) was postulated to supply the cells with reducing equivalents for CO 2 reduction (7, 8) . The nxr gene cluster (kustd1699-1713) encodes a nitrite oxidoreductase (NXR; kustd1700/03/04) and additional electron transfer proteins that might aid in electron transport (2, 4) .
Apart from nitrite reductase, all currently available anammox genomes encode close homologs of the proteins described above (2, (9) (10) (11) (12) (13) (14) , suggesting that they have the same energy metabolism as K. stuttgartiensis.
It was recently shown that the anammox process occurs inside a specific cellular compartment, called the anammoxosome (15) . This prokaryotic organelle comprises approximately 60% of the cell volume (16) (Fig. 2 ). It contains iron-enriched particles and the majority of heme proteins (16) (17) (18) . The anammoxosome also contains tubule-like structures, which at times stretch the whole length of the compartment. The function of these structures currently is unknown. The anammoxosome matrix is surrounded by a curved membrane which harbors an ATP synthase (19) . ϩ ) and nitrite (NO 2 Ϫ ), with hydrazine (N 2 H 4 ) and nitric oxide (NO) as intermediates. Diamonds represent c-type hemes involved in electron transfer between protein complexes. The number indicates the number of electrons transferred. Membrane-bound complexes are suggested to contribute to the proton motive force that is used by ATP synthase to generate ATP. Gray boxes indicate the soluble protein complexes whose intracellular locations were investigated in this study. HDH, hydrazine dehydrogenase (kustc0694); HZS, hydrazine synthase (kuste2859-60); NXR, nitrite oxidoreductase (kustd1700/03/04). NO-producing hydroxylamine oxidase (HOX; kustc1061) and the hydroxylamine oxidoreductase-like protein kustc0458 with its redox partner kustc0457, of unknown function, are not included in the scheme. The anammoxosome membrane contains the quinone (Q) pool and is energized. ϩ , positive side (anammoxosome); Ϫ , negative side (cytoplasm). Other abbreviations: bc 1 , putative bc 1 complex; ETM, electron transfer module; ATPase, F 1 F 0 -type ATP synthase; Nir, nitrite reductase. Adapted from reference 30. (35) , outer membrane, peptidoglycan-containing periplasm (36) , cytoplasmic membrane, cytoplasm, anammoxosome membrane, anammoxosome that contains tubule-like structures (white arrowheads), and electron-dense, iron-rich particles (black arrowheads). Note that not all tubule-like structures visible in the micrograph were visualized in the schematic overview. Scale bar, 500 nm.
In the present study, five key enzymes of the anammox bacterium K. stuttgartiensis were localized in the cell. To this end, antibodies against five key enzymes of anammox catabolism were generated in order to determine where these proteins were located. Labeling studies with protein A adsorbed to 10-nm gold particles showed that all five enzymes were located exclusively inside the anammoxosome. While four of the protein complexes were located in the anammoxosome matrix, NXR was specifically located at the tubule-like structures, providing the first insights into the role of these characteristic features.
MATERIALS AND METHODS
General procedures. All chemicals used were purchased from Sigma-Aldrich, USA, unless stated otherwise. High-performance liquid chromatography (HPLC)-grade chemicals were purchased from Baker, USA. For desalting and concentration of samples, 100-kDa-molecular-mass-cutoff spin filters were used (Vivaspin 20 or 500; Sartorius Stedim Biotech, Germany). All fast-performance liquid chromatography (FPLC) steps were performed on an ÄKTA purifier system (GE Healthcare, Sweden). Depending on the column material and diameter, the FPLC columns were run with flow rates of 5 or 2 ml/min. The elution of proteins was monitored on-line by the absorbance at 280 nm, and samples were collected in 2-ml fractions. All steps apart from the FPLC runs were performed at 4°C.
Preparation of CE. In brief, cell extract (CE) was obtained from an ϳ95% pure enrichment culture of K. stuttgartiensis (3) . Cells were harvested by centrifugation (5,000 ϫ g for 15 min at 4°C). Cell pellets were resuspended in 20 mM potassium phosphate (KP i ) buffer, pH 7.0, and French pressed in three passages at 138 MPa. Cell debris was removed by centrifugation (5,000 ϫ g for 15 min at 4°C), and the supernatant was subjected to an ultracentrifugation step (180,000 ϫ g for 1 h at 4°C). The resulting membrane pellet was dissolved by incubation with detergent for 1 h at 4°C (2% [wt/vol] ␤-laurylmaltoside for NXR and 1% [wt/vol] sodium deoxycholate for all other enzymes). After a second ultracentrifugation step, the two clear dark red supernatants were combined, representing the CE.
Protein purification. All enzymes were purified from CE using liquid chromatography. Purification of HZS, HDH, and HOX was performed as described previously (1, 5) . The HAO-like protein kustc0458, together with its partner kustc0457 and NXR, were purified as follows. CE was loaded onto a 60-ml Q Sepharose XL column (GE Healthcare) equilibrated with 20 mM Tris-HCl buffer, pH 8.0. NXR eluted isocratically with 20 mM Tris-HCl, pH 8.0, containing 200 mM NaCl. kustc0457/58 eluted at 400 mM NaCl in 20 mM Tris-HCl, pH 8.0. The collected fractions were subsequently loaded onto a 30-ml ceramic hydroxyapatite column (Bio-Rad, USA). In the case of kustc0457/58, the column was equilibrated with 20 mM KP i , pH 7.0, and protein elution was performed in a linear-gradient (20 to 500 mM) KP i buffer, pH 7.0. kustc0457/58 eluted with 44 mM KP i , pH 7.0. At this stage, kustc0457/58 was purified to homogeneity, as shown by SDS-PAGE. For NXR, the hydroxyapatite column was equilibrated with 75 mM KP i , pH 8.0, and proteins were eluted with a linear gradient of 75 to 500 mM KP i , pH 8.0. NXR eluted at ϳ90 mM KP i , pH 8.0. The fraction containing NXR was loaded onto a 30-ml SP Sepharose fast-flow column (GE Healthcare, USA) previously equilibrated with 30 mM KP i , pH 6.0. The runoff was loaded onto a Sephacryl S-400 HR gel filtration column (GE Healthcare, USA) equilibrated in 50 mM KP i buffer, pH 7.3, containing 150 mM NaCl. NXR was purified to homogeneity after this step, as shown by SDS-PAGE. Identification of all subunits was performed by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) analysis (see below).
Antibody generation. Antisera containing the antibodies against the five protein complexes of K. stuttgartiensis were generated against liquid protein samples. For each enzyme, two rabbits were immunized in a 3-month immunization protocol (Eurogentec SA, Belgium). Anti-HOX, anti-HZS, and anti-NXR subsequently were affinity purified from both rabbit antisera. The total IgG fractions (crude sera) of one rabbit each were used as anti-HDH and anti-kustc0457/58. The obtained antisera were used as the primary antibody in immunoblot analysis and immunogold localization (see below).
Immunoblot analysis. Blots were made from 10% SDS-PAGE gels containing 30 g of CE. After separation, the proteins were blotted onto a Protran nitrocellulose transfer membrane (Whatman, Germany) using a semidry transfer cell blotting system (Bio-Rad, Netherlands). Membrane and cellulose chromatography papers (3MM Chr; Whatman, Germany) were soaked in transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol), after which the proteins were blotted onto the membrane for 45 min at 100 mA. After drying, the blots were washed in ultrapure water for 30 min and then soaked in blocking buffer (1% bovine serum albumin [BSA] in Tris-buffered saline, pH 7.4 [TBS]) for an hour. Here, the blots were incubated for 1 h with either preimmune serum in the case of kustc0457/58 and HDH (negative control), the total IgG fraction of rabbits (anti-kustc0457/58 and anti-HDH), or affinity-purified antibodies (HOX, NXR and HZS) diluted 2,000-fold in serum diluent (the same as the blocking buffer). As an additional negative control, no primary antibody was added. After washing the blots three times in TBS-0.05% Tween 20 for 10 min, blots were incubated with a monoclonal mouse anti-rabbit IgG-alkaline phosphatase conjugate diluted 150,000-fold in blocking buffer. After 1 h of incubation, the blots were washed twice in TBS-0.05% Tween 20, followed by two washing steps in TBS only for 10 min each. For immune detection, the blots were incubated in the 5-bromo-4-chloro-3indolylphosphate-nitroblue tetrazolium (BCIP-NBT) liquid substrate system (Sigma, The Netherlands) until purple bands appeared (usually between 2 and 10 min). After washing in demineralized water, the blots were air dried before imaging and storage at 4°C. Sample preparation for immunogold localization on Lowicryl sections. Biofilm aggregates of K. stuttgartiensis were harvested from a continuous culture and cryofixed by high-pressure freezing (Leica EMHPF; Leica Microsystems, Austria). Samples were freeze substituted in a freeze substitution unit (Leica Microsystems, Austria) in anhydrous acetone (Seccosolv; Merck) containing 0.1% uranyl acetate (Merck) at Ϫ90°C for 46 h, at Ϫ60°C for 8 h, and at Ϫ40°C for 8 h in subsequent steps. Infiltration was performed at Ϫ40°C by gradually increasing concentrations of Lowicryl HM20 (EMS, USA) in acetone (1:3, 1:1, 3:1, and finally 3ϫ pure HM20 resin). The duration of each step was 1 h. Polymerization under UV light was carried out at Ϫ40°C for 48 h with subsequent curing with UV light at room temperature for approximately 10 h. Ultrathin sections (approximately 60 nm) were incubated on 0.1% glycine-PHEM [60 mM piperazine-N,N=-bis(2-ethanesulfonic acid), 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , pH 6.9] before blocking with 1% BSA-PHEM for 15 min. Incubation with primary antibodies diluted 50 to 300 times in 1% BSA-PHEM was performed for 1 h. As negative controls, sections were incubated with preimmune sera (for anti-kustc0457/58 and anti-HDH) and without primary antibody. After washing with 0.1% BSA-PHEM, incubation with protein A gold (10 nm; PAG-10; CMC UMC Utrecht) in 0.1% BSA-PHEM was performed for 1 h. Sections were washed with 0.1% BSA-PHEM and with PHEM. Antibody interactions were fixed by 1% glutaraldehyde-PHEM for 10 min. Sections subsequently were washed with PHEM buffer and ultrapure water. Poststaining was performed in the dark with 4% aqueous uranyl acetate for 20 min and Reynolds lead citrate for 2 min and investigated with a JEOL (Japan) Jem1010 transmission electron microscope operating at 60 kV.
Sample preparation for immunogold localization on rehydrated cryosections. K. stuttgartiensis cells were cryofixed by high-pressure freezing and freeze substituted in acetone containing 0.5% glutaraldehyde, 0.1% uranyl acetate, and 1% H 2 O as described previously (19) . Uranyl acetate was removed by washing four times for 30 min in the AFS (Automated Freeze Substitution) at Ϫ30°C and once for 60 min on ice with acetone containing 0.5% glutaraldehyde and 1% H 2 O. Samples were rehydrated in a graded acetone series on ice: 95%, 90%, 80%, and 70% acetone in water containing 0.5% glutaraldehyde, 50% and 30% acetone in PHEM buffer containing 0.5% glutaraldehyde, and finally 0.5% glutaraldehyde in PHEM buffer. Samples were rinsed in PHEM buffer and em-bedded in 12% gelatin in PHEM buffer. The gelatin-embedded cells were cut into small cubes (1 to 2 mm 3 ) under the stereo microscope, infiltrated overnight at 4°C with 2.3 M sucrose in PHEM buffer, and frozen in liquid nitrogen (20) . Samples were cryosectioned using a cryoultramicrotome UC7/FC7 (Leica Microsystems, Vienna, Austria). Cryosections (65 nm) were picked up with a drop of 1% methylcellulose and 1.15 M sucrose in PHEM buffer and transferred to Formvar carbon-coated copper hexagonal 100-mesh grids for immunogold localization.
After the immunogold localization procedure, cryosections were poststained with 2% uranyl acetate in 0.15 M oxalic acid, pH 7.4, at room temperature and embedded in 1.8% methyl cellulose containing 0.4% aqueous uranyl acetate on ice, after which they were air dried.
Bioinformatics tools. An in-house protein database was created by translating all open reading frames in the genome (PRJNA16685) of K. stuttgartiensis (2) . lices. For identification of tat leader sequences, tatP software was used (23) .
Protein determination, polyacrylamide gel electrophoresis, and protein identification. Protein quantification was performed with the Bio-Rad protein assay, based on the Bradford method (24), with bovine serum albumin as the standard. To check for purity, 30 g of protein was separated on a 10% SDS-PAGE gel, as described previously (25) , and was stained with a ready-to-use colloidal Coomassie blue stain (Severn Biotech Ltd., USA). The PageRuler Plus prestained protein ladder (Thermo Scientific, USA) was used as a molecular weight marker. Subunit identification of all enzymes was performed by MALDI-TOF MS as described previously (1, 26) . In brief, gel plugs were picked from visible protein bands and subjected to tryptic digestion and MALDI-TOF MS analysis on a Bruker III mass spectrometer (Bruker Daltonik, Germany). Peptides were analyzed using the Mascot Peptide Fingerprint search software (Matrix Science, United Kingdom) against the in-house protein database. Search settings included carbamidomethylation (27) as a fixed and me-thionine oxidation as a variable peptide modification. One missed cleavage site and a mass difference of Ϯ0.2 Da were tolerated.
RESULTS

Protein purification and subunit identification.
All five protein complexes were purified to homogeneity, as was shown by SDS-PAGE analysis (Fig. 3A to E) . Tryptic digestion followed by MALDI-TOF MS analysis unambiguously identified all subunits of the purified protein complexes. Protein sequence analyses indicated that all HAO-like proteins used in this study and the three HZS subunits contained a transmembrane helix representing a signal peptide with predicted cleavage sites after the leader sequence at the N terminus of the proteins. While the C subunit of NXR (kustd1704) contained a signal peptide of the sec translocation pathway, the B subunit lacked such a signal peptide. kustd1700 (NxrA), the molybdopterin-and iron sulfur cluster-containing cata- lytic subunit, clearly had a conserved twin-arginine (RR) motif, suggesting translocation of this protein via the tat translocation system, presumably taking NxrB as a passenger protein (28) .
Antibody generation and immunoblotting. Purified protein complexes were used to generate antibodies in rabbits. Incubation of blotted cell extract with the five obtained antisera resulted in specific bands of all subunits of the antigens (Fig. 3) . For kustc0457/58 (anti-kustc0457/58) and HDH (anti-HDH), the total IgG fraction (crude sera) of one rabbit each was used for immunoblotting and subsequent intracellular localization of the complexes. Controls for these two protein complexes included preimmune sera of the immunized rabbits, which showed no reaction with Kuenenia proteins (Fig. 3A and B) . For HOX (anti-HOX), NXR (anti-NXR), and HZS (anti-HZS), the generated antibodies were affinity purified from the antisera. Incubation of blots without primary antibody showed no reaction with Kuenenia proteins present in the cell extract (Fig. 3F ). It should be noted that dominant heme-containing proteins of K. stuttgartiensis already were visible as yellowish bands on the blots and were clearly distinguishable from the positive (purple) immunoblot reaction.
Incubation of the blots with antiserum against kustc0457/58 resulted in two specific bands, at approximately 60 and 27 kDa, which was in agreement with the expected theoretical masses of the subunits (Fig. 3A) . Although the HDH monomer has a molecular mass of approximately 65 kDa, only the covalently bound trimer was detected at Ͼ200 kDa (Fig. 3B) , albeit with a weak signal (6) . In the case of HOX, the covalently bound trimer (Ͼ200 kDa), and, to a lesser extent, also the dimeric (ϳ130 kDa) and monomeric forms (ϳ55 kDa) of the protein complex were detected after incubation with the antiserum (Fig. 3C) (5) . Three specific bands were visible when incubating blotted crude extract with the antibody against NXR, representing the subunits NxrA (ϳ130 kDa), NxrB (ϳ50 kDa), and NxrC (ϳ35 kDa) ( Fig. 3D) . Similarly, all three subunits, HzsA (ϳ90 kDa), HzsC (ϳ42 kDa), and HzsB (ϳ39 kDa), were detected specifically when incubating the blots with anti-HZS ( Fig. 3E) .
Intracellular localization of the five key enzymes. All five metabolic enzymes were unambiguously localized within the cell using immunogold localization on high-pressure-frozen, freezesubstituted, Lowicryl HM20-embedded, and ultrathin sectioned cells of K. stuttgartiensis. This was confirmed on cryosections of high-pressure-frozen, freeze-substituted, and rehydrated K. stuttgartiensis cells, which were embedded in methylcellulose-containing aqueous uranyl acetate after immunolabeling. With this method, membranes appear in negative contrast, providing clear discrimination between lipid-based and proteinaceous structures.
As negative controls, the sections were incubated with only protein A coupled to 10-nm gold particles (PAG-10), omitting the primary antibodies and including the preimmune sera (for anti-kustc0457/58 and anti-HDH). Negative controls showed only very few gold labels, derived from aspecific binding of either the preimmune sera ( Fig. 4C ; also see Fig. 6C ) or PAG-10 to the fixed cells or the embedding medium (data not shown). The electrondense, iron-containing anammoxosome particles seen in the immunogold localization images (fuzzy, 16 to 25 nm [16] ) could be distinguished from the gold labels (sharp, 10 nm) based on their size and appearance.
Incubation with anti-kustc0457/58 and anti-HOX localized these protein complexes to inside the anammoxosome, preferentially near the inner side of the membrane (Fig. 4 and 5) . HDH ( Fig. 6 ) and HZS (Fig. 7) were distributed across the anammoxo- some. In contrast, anti-NXR was very specifically observed at the tubule-like structures in the anammoxosome (Fig. 8 ) in both transverse ( Fig. 8C ) and longitudinal ( Fig. 8A, B , and D) sectioned tubules. Although all cells most probably contained the tubule-like structures, these were visible only if the cell was sectioned through that plane. If the structures were not in the plane of the section, only a little labeling with anti-NXR was observed (data not shown). The tubules were most visible in the lowicryl-embedded sections.
DISCUSSION
Since its first observation in electron microscopy studies, the anammoxosome has been suggested to be the location of energy metabolism of the anammox cell (17, 29) . Recent purification studies of intact anammoxosomes in combination with activity assays showed that the purified anammoxosome indeed could catalyze the anammox reaction (equations 1 to 3) (15) . In the present study, we showed the intracellular localization of the hydroxylamine oxidoreductase (HAO)-like protein kustc0457/58, hydrazine dehydrogenase (HDH), the NO-producing HAO-like protein HOX, nitrite oxidoreductase (NXR), and hydrazine synthase (HZS) within an anammox cell. All of these proteins are encoded in all presently available anammox genomes and play key roles in anammox catabolism (1, 2, (9) (10) (11) (12) (13) (14) . The fact that all studied protein complexes were exclusively immunolocalized to the anammoxosome in the present study supported the hypothesis that this cell compartment was a true prokaryotic organelle with a dedicated function.
Antibodies used in this study were generated against the purified native protein complexes of the anammox bacterium K. stuttgartiensis and reacted specifically against Kuenenia crude extract on immunoblots and cells in immunogold localization. The localization studies confirmed all protein complexes to be soluble, as opposed to membrane bound, as labeling was observed exclusively inside the anammoxosome. This was in line with the identification of signal peptides either of the sec or of the tat translocation system, suggesting transportation of the expressed polypeptides from the ribosome-containing cytoplasm across the (anammoxosome) membrane.
The detection of substantial amounts of kustc0457/58 within the vicinity of the anammoxosome membrane indicated an important role for this protein complex in anammox metabolism. Unfortunately, the physiological function of this protein remains elusive, but sequence analysis of kustc0458 suggested a reductive function of this HAO-like protein (30) . Interestingly, in the present study we could show that the antibodies against NXR were exclusively directed toward the tubule-like structures within the anammoxosome. These structures previously were suggested to support cell division or structural integrity of the cell (29, 31) or represent highly abundant, densely packed metabolic enzymes (16) . The present data suggested that these tubule-like structures contained NXR, most likely facilitating high local concentrations of this protein complex. Such high local concentrations of NXR are also found in aerobic nitrite-oxidizing bacteria, where the protein complex formed higher-ordered two-dimensional structures (32) (33) (34) . However, NXR was anchored to a membrane in these cells. Apparently, instead of using membrane stacks to increase local NXR concentrations, as observed in aerobic nitrite-oxidizing bacteria, anammox bacteria evolved to produce higher-order protein structures in a dedicated catabolic organelle to serve the same purpose. Further studies will focus on determining how these tubule-like structures form and whether NXR is the only protein involved in their formation.
